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$m!%mm Previousresultsfrcalourlaboratory~thataniacreaseinthe 
nonpolardLkylchainleqthintetmaUyl.ammniuacati~is aaccnpanieaw 
greater efficiency in driving the B-to-Z transition. Analogous effects are 
ob!3ervedwhenthe ~portion of carboxylate anions and aloobls is . zncmaed in size. Thenuxe~cspecieshaveagreaterorderiq 
effectontheaqueous solventaadp~~folmrationoftheless~~~~~ 
COllfOlllBr. m' 1989 AC;IdBrnC press, IILC. 

The lefthanded double helical confomation kmwn as Z-mappears to 

occminregionsofalternatingguanina-cytosinesequences inpla!3midsand 

chramm (l-3), where it is in equilibrilnn with the major conformation, 

righthanded B-DNA. The fomation of z-lXh may be involved in gene regulation 

(1) - Theinvitro~to-ztransitioninthesynthetic~doublehelicesof 

poly[d(Ge)] and its mathylated analog poly[d(G-m5C)] occurSi.IlthepresMce 

of high concentrations of 1:l electrolytes and organic cosolvents (1,4,5). 

characrtarization of solvent conditions that affect the B-z equilibrilmwill 

enhanceourknmledgeoftherelevantthenaodynamicfactorsandcontributeto 

a fuller mderstanding of the biological role of Z-INA. 

scam of the observed salt dqpxkme of the B-to-8 transition can be 

explainedbyagreaterrequirmentforcountercationsto screenmAphosphate 
anions,wWsemutual repulsion is stronger in the narrmer 5t.M doublehelix 

(6). sicrmmr,thehighseltconcentrations immlvedsuggesttbatchangesin 

SolventstnKztum also are a factor (4,7). Crystallagraphic data (8-11) smoW 

that Z-IN4 binds less water of hydration along the suga~phosphate backbone 

than &es B-lxa. Thus high ooncentrations of salts may drive the B-to-Z 

transition partly by cmpe* with DNA for water of hydration and favoring 
the less hydrated z-m (lO,l2). The effect of organic cosolvents, whose 
additi~decreeseswateractivity,oauldbe~l~inthe~fashion. 

Previousworkinour laboratory (12) showedacomelationaumngclifferent 

salts between the relative solvent sn faming tendenq of the salt 

cation and the saltls ability to drive the B-to-Z transition. For exau@e, 
increasingthedLkylchainlengthinsynaletrical lz&maUqlmnim cations 
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createsalargerhydmphabicsurfacearandwlrichwatermoleculescluster. It 
was foula that halides of tlm larger ttetmmyldm cations were more 
effective at inducbq the formation of 5Lzt4A. m tb present investigation 

thehypo#e&sliakiq hyaccpbaJc hydration of organic cations to the 

stabilization of 5m is srplportedbyanalogau?3trendsob6enmdwith- 

ylate anions and alcohols. unlike cations, aaionsandalaohols-tin- 

fluencetheB-2equilibriunby neutralizationof lMAplmsphates. Therefore, 

the effect of the latter species on the B-to-Z transition pruvides a still 

clearerindicatorofthe ~~ofsolute-solveatinteractionsthataffect 

ImA hydration. 

f Fremration of mR solutions, gisJhlr polymarizd polytd(G-C)l and 
poly[i(&C)] were pwchmed fran Phamacia LRB Biotechnology. Salts (Gold 
Label or highest available purity) and alcohols (8pectmphotametric Grade) 
wereobtabedfranAldrichorR&k Lyopbilized polymers were extensively 
dialyzed~5mMTris*IEc1,5O~NaLx,2mM~EMa,pH7.Otoremave 
divalentmetal~n~~andtbefindlbuffer~siti~was5mM 
Tris-El, pB 7.0 or 5 1124 Tris=HCl, 50 mM NaCl, pH 7.0. Solutions for spectra- 
sa3pic analysis were preparedby mixiq appropriate voluws of concentrated 
stock solutions. AlCob concentrations were corrected for volme changes 
~mixhgtiththeaqueoussolution. Finalpolymer concentrations wiare 
40-50 PM, based on a molar extinction coefficient at 260 nm of 6500 KknD1 
for the B-lXA forms (7). Mixtures were kept at rrxm tenperature for between 6 
and48 hoursbeforespectrawerereimded. 

2) Bit A~lvsis. Circulardichroism (CD) mts were 
made at ambient temperatum with a JASCO J-600 spe&rqolarimkerinterfaced 
toanIElMFc-XTccarpxlter. spectrawerecoI9zcted by subtraction of a solvent 
spectnmandsubjectedtoa9-pointsmoothingroutine. 

Table 1 sunnnarizes our previous observations (12) on the effects of 

tetraallqlammium salts on the B-to-Z transition in poly[d(G-C)] and 

poly[W-m5C) I. ccpnparison of the brcanides, for exanple, shows that an 

increase inalkyl cbainleqthis acxmpam 'edbyageneral decrmin 

transition midpoint concentration, indi~tingthatthelazye.r,mre hydqb- 

bit catians are more effective at stabilizing Z-INA. The effects of tetra- 

methyl and tetraethylammu 'us salts with different anions have now been 

wnpared. TheresultsinTable1showasignificantinfluenceoftheanionin 

detemking a salt's ability to drive the B-to-Z transition, consistent with 
previous ccqarisons of different sodium salts (4,13) and with the study of 

carboxylatesreportedbelow. 
Totesttheeffect ofhydrophcbicmieties in organicanions onthe ES-to- 

Z transition a eeries of sodium salts of carboxylic acids were added to 

solutions of poly(d(DC)] ard poly[d(o$C)J. Sample CD spectra cHained With 

different mncmtrations of sodium pxpanoa teareshowninFiguml. Imsalt 
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laBIgl.B-tc+ztransitionmidpoint cuWX4ntrationsixltetraalkyl- 
~~aaltsolutions 

At&m rnYW+a 1 poWd(-5C) 1 

F- 3.1 1.8 
cl- 3.4 2.0 
Br- .3.5* 2.0 
c!Ii3030- 2.7 1.8 

Br- 2.9 2.1 
c!H3030- 2.6 1.6 

Hr- 2.4t 1.4 

Br- 2.0 1.4 

Saltcmcmtratimsarein M. CBnditionsareasdescrikdin 
MaterialsardMethods. 
*Higher salt ~tionscauldnotbe~layedbecauseoflimited 

solubility. 
tEstimated from extrapolated curve. 

spectra closely resex&le thoee obtained at law s&ium&iLoride concentrations 

a-d are diagnostic for B-DNA. Increas~thesalt. concentration produces 

invertedspedrasimilartO~d;ls;ervedathi~sodiurndilorideconCentra- 

tions, irdicating a transition to Z-tNA (1). The coaperativity of the J3-to-Z 

transition is dmmstm~ by the nanmwraqeof concmtzations us&i in 

Figure 1 and by the signroidal variation in ellipticity at 260 nm with salt 

ccmentration (Figure 2). The hansition in poly[d(Cm%)] e at much 

1cWersalt concentrations than in poly[d(G-C)], consistent with results using 

other salts (12,14,15). AllofthesodiumcarboxylatesexceptscxAimm&hano- 

ate were more effective than sodium diloride in driving the B-to-z transition 

of either polymer, as evidenced by the lcwer transition midpoint cmcentra- 

2iO ZiO 2io 290 

Wavelength (nm) 

360 

pia. 1: Q>spectraOfpolynucleotide~~inCB3CIII~eoluticars. 
Solvent also oontainsd 5 * TrismEIcI, pit 7.0. Spectra rrroorded for 
poly[a(H)] ia 1.8 I4 ( a'*- 
0.6 M (- ) aad 0.8 n (- 
ticity aale by a factor of 2.0. 

~onthedllip- 
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fiu. a: gllipticity at 260 11p of poly[dU+c)] in mdiua cazbOXylab solu- 
ticms. Blliptiaityval~wers olkdnedfrencD~(origiMlscale~ 
reoordad rmdet caditic0a de8oruwinBig. 1. 2altanionsware 
I.Iaxr (---), arpo- (- ), cxysipm- (..... ), c333c2x2c5I2m- (""""-), and 
GK3)3cmo- t---j. 

tions for the fomer (Table 2). similarly, the ethanoate salts of tetra- 

methyl~nil-ml and tetraethyhnmnl 'urn were more effective than most of the 

respective halides (Table 1). The poly[d(G-C)] transition midpoint of 

2.1 M scdim ethanoate ccal&mScloselytothevaluedeb%minedbyWellsand 

cmorkers (13). Although they reported highly aqlified CD spectra, attributed 

to the formation of tzomlensed $-DNA, between 2.2 and 2.7 M sodium ethamate, 

our preparations yielded slightly perbrbd Z-tNA-liks spectra in the sams 

concentration range (data not shum). 

Figure2 andTable 2 sh~thatasthelengthofthecarbxylateanionwas 

incmBSdfmonetofour~, the poly[d(G-C)] midpoint come&ration 

decreased, indicatirq inc?msing effectiveness of the salt. The dhethyl- 
propanoate anion, with five tzarbns in a branched chain, was slightly more 

effective than the fom-cmbo nstraightchain butanoate (Figure 2). With 

poly[d(G-m5C)] the larger carboxylate anions were more effective than mew 

ate,but no further change inmidpoint omxntration was okserved frum 

ethanoatetodim&hylp ropanoate (Table 2). 

mBLE2.Btcr2eans3itionddpoint amoatratioM in sodim 
carbcprylate solutions 

Anion polWW-3 1 poly[W+m5C) 1 

cl- 2.2 0.8 
Earn- 2.6 0.8 
cII3cxo- 2.1 0.7 
=3=2=2=- 1.8 0.7 
c=3,3omo- 1.8 0.7 

sodiuu salt conoentratinnaareinr. t2mmJiti~araal?describedin 
Materialsand- andinFigure1. 
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,  I  ,  I  I  

260 270 280 290 300 

Wavelength (nm) 

Pia. 3: CD qeoba of poly[a(OQSC)] in crquecrus etl-mml eollltions. 801-t 
alaocQntained5nl?4Tris*Bc1,5OdINacl,px7.o. Btbaaol@XMenbatior4s(x) 
m 2.9 (- 1, 3.1 (---- ), end 3.2 (.....). AllepQctraaCeQIprvndedOn 
ths ellipticity scale by a faotor of 3.0. 

The B-to-Z transition has previously keen okerved in the presence of 

organic cosolvents such as dimethylsulfoxide, ethanol, ethylene glycol, 
fOIm3iTide, glyCXXTO1, and IXiflUoroethanol (1,5,14,16,17; B. G. Rawan and R. s. 

Preisler, unpublished results). The effect of cosolvent hwicity was 

tested by ccanparing the water-miscible alcchols. Sample CD spectra of 

poly[d(G-mk)] in aqueous ethanol solutions (Figure 3) show specbal change 

and ccoperativity similar to those of the salt-induced B-to-Z transition 

(Figure 1). Previous reports (5,14,16) gave similar transition midpoint 

ethanol concentrations for both poly[d(c-C)] and poly[d(G-m5C)]. Effective- 

ness in driving the transition of poly[d(G-m5C)] kreased with alkyl grcup 

size, frcsn methanol (one carbon) to 2-n&hyl-2-prapanol (four carbons--Table 

3) * The b$nning of a similar trend was observed in poly[d(C-C)], in that 

ethanol was more effective than methanol (Table 3). With the longer chain 

alcohols lower concentrations (belaw 5-a) favored the B-tE?A confom of 

poly[d(=) I. Higher concentrations produced, instead of a B-to-Z transition, 

Tz4ELE3.lHo-2tl7lnsitiond~i.nt aanrvmtrations in aquecms 
alcohol solutions 

ca,aa l3 4.6 
=3-2(= 8.2 3.1 
=3=v%= - 2.6 
=3-3 - 2.5 
(cff3,3aH - 2.2 

Al-1 -tratioIlsareinM. coMitioMareasdegcribedin 
MatarialsarAdI4%tbodsanbinFi~3. 
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DISUESICN 

In three series of polar or ionic species with hydrqhcbic moieties, 

tetraallqlammonium cations (Table l), carboxylate anions (Figure 2 and Table 

2), ard alcohols (Table 3), an inueaseinalkylchainlengthisconelated 

with an increased ability to drive the B-to-2 transition. The lack of any 
furtherdecrease in the poly[d(Gm5C)] transition midpoint concentration with 

~~lateslazVerthanethanoate(Table2)~~tbebecausesuchconoentra- 

tions are too lcw to nmnifest differential anion effects onthe solvent. On 
the other hard, the inabiliw to detect a B-to-2 transition of poly[d(GC)] in 

thepresenoeofthelorqer~inalc&ols (Table3) couldreflectnxxedrastic 

effectsonwaterstructure, leading to duplex aggregation or denaturation. 

While divalentand multivalent cations bixxltightly to defined sites on 

the double helix and stabilize Z-tNA in millimolar or even micrcmolar con- 

centrations (14,15,18-20), the high midpoint coxenkations requked for the 
species studied here suggest a less direct mode of interaction with DNA. 

Althou* these ccqcunB are sufficiently ionic or polar to form concentrated 

aqueous solutions, their nonpolar moieties appear to perturb water structure 

in a manner analogous to the formation of ordered hydrogen-bonded networks 

around dissolved h-ns (21). One zxvealkq set of physical data 

concerns the effects of various solutes on the dielectric relaxationtime of 

water,ameasure of the reorientation rate ofwatermolecules inresponseto 

an alternating electric field. While the relaxation time was decreased 20% in 

1 M sodium chloride cm&xx&l to pure water, increases of 30%, 15%, and 35% 

weremeasured in1M solutions of tetraethylamm&umchloride, scdiumpropano- 

ate, and 1-propanol, respectively (21). 

As the size of the hydrqhobicx&ty in an organic ion or alcohol in- 

creases, itwillattract alargerclusterofwatermolecules, thusdecreasing 

the availability of water to hydrate tX& This effect is exge&ed to shift 

the equilibrium in favor of the more sparsely hydrated Z-fNA conformer. In 
addition to the dielectric relaxation data described above, a number of 

wysical M dtmrcnstrate a progress ive ordering or irnmbilizing 

effectonwatermoleculesasthealkylchainlengthintetradlkyla 
cations is ixzased (21,22). The behavior of poly[d(GC)] in sodium ethano- 

ate solutions was attributed partly to the gghydro@cbic tai.kP of ethancate 

anions (13) and the hydro@obic effect seems the most likely explanation for 
the greater efficiency of longer carboxylate anicns in driving the B-to-Z 

transition (Figure 2 and Table 2). ThEtZ?ZdiSeVennloreStr~Wh~O~ 

considers that, due tc decreasing acidity within this series, the ionic 
strength of 1M sodium dimethylprqanoa teislcx#erthanthatoflMsodium 
methanoate (all solutions were adjusted to the same @-I of 7.0). However, 
little difference was-edbetween butanoate and dimethylpxqanoate. 
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Althcughthelatteranionhasanadditional carbon, thebranchirqofits chain 

presents a smaller surface area to the solvent than there would be in a 

straight chain five cdmxylate. 

Others have suggested that alcohols drive the B-to-Z transition either 
through a hydro#obic effect on water struchn-e (16) or through strengthened 

cation-phoqhate binding in a medium of 1cwe.r dielectric constant (1,16,23). 

The present results favor the former explanation. First, the dielectric 

ConstantS of alcohol-water mixtues at the poly[d(G-m5C)] transition midpoint 
decrease only about 10% from methanol to 2-methyl-2-propanol (24), while 

effectiveness more than doubles (Table 3). second, the only cation in these 

solutions was 50 XM Na+. Finally, the trend in Table 3 parallels the effects 

Of increased dkyl Chain h3XJth in organic cations and anions (Tables 1 and 

2), lending additional support for the role of aqueous solvent pert&x&ion in 

the stabilization of 2-m by these species. 
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